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EFFECT OF NACELLE ORIENTATION ON THE AERODYNAMIC
CHARACTERISTICS OF AN ARROW WING-BODY CONFIGURATION
AT MACH NUMBER 2.03

By Emma Jean Landrum
Langley Research Center

SUMMARY

The investigation was performed in the Langley 4- by L4-foot supersonic
pressure tunnel at a Reynolds number based on the wing mean aerodynamic chord
of 4.05 X 106. The wing had a design 1ift coefficient of 0.08, a leading-edge
sweep angle of T0°, and an aspect ratio of 2.24. Tests of each of three wing-
body-nacelle configurations were conducted through an angle-of-attack range
from -49 to 6° for nacelle alinement angles from -4° to 6°. Sidewash angles at
the nacelle locations were measured through the angle-of-attack range and are
compared with theoretical estimates.

The minimum incremental drag due to a nacelle or a combination of nacelles
occurs at or near a nacelle alinement angle one-half the sidewash angle or one-
half the average sidewash angle, respectively. Additlon of the nacelles has
little or no effect on the lift-curve slope, the slope of the curve of the
pitching moment with respect to 1lift, or the drag due to 1lift.

INTRODUCTION

Beneficial interference effects caused by engine nacelles on wing-body
aerodynamic characteristics have been observed on several representative
supersonic-transport configurations. Data presented in reference 1 for two
complex airplane configurations which employ highly swept twisted-and-cambered
arrow-wing planforms show some very favorable component-interference effects at
1ifting conditions. These beneficial effects exist for both flat and twisted-
and-cambered wings regardless of wing design 1ift coefficient, but they are not
fully understood and no attempt has been made to optimize them. The results of
reference 2 indicate that when wing-mounted nacelles or stores are oriented so
as to minimize their drag contribution at some lifting condition, they can pro-
duce rather large increments in drag at negative 1ift conditions because of
nacelle misalinement with the local wing sidewash. At some positive value of
1ift the body becomes alined with the local flow, and at slightly higher values
a thrust component of the body side force may be generated.



The purpose of the present investigation is to determine how sensitive the
interference effects of engine placement are to nacelle alinement with respect
to the wing sidewash field. Aerodynamic characteristics were obtained for three
twisted-and-cambered wing-body-~nacelle configurations: one with a nacelle at
27 percent of the wing semispan; one with a nacelle at 50 percent of the wing
semispan; and one with two nacelles, one at 27 percent and the other at 50 per-
cent of the wing semispan. Tests of each wing-body-nacelle configuration were
conducted through an angle-of-attack range from -4° to 6° for nacelle alinement
angles from -4° to 6° at a Reynolds number based on the wing mean aerodynamic

chord of 4%.05 x 10°.

SYMBOLS
b wing span
c local wing chord
¢ wing mean aerodynamic chord
X Drag
Cp drag coefficient, 35
C1, 1ift coefficient, Légi
. oCy,
CLa wing 1ift-curve slope, o
(CLQ) nacelle lift-curve slope
n
Cm pitching-moment coefficient measured about ¢&/k, Pltchizgamoment
3y
Cmp slope of curve of pitching moment with respect to 1ift, —=
L oCr,
1 overall length of wing measured in streamwise direction
q free-stream dynamic pressure
r radius of body or nacelle
S semispan-wing area
X,¥,% Cartesian coordinate system in which X-axis is the intersection of
‘the wing horizontal reference plane and the wing-body vertical
plane of symmetry, origin at body nose, X-axis streamwise
x! distance from wing leading edge measured in the x~direction



X distance from nacelle apex measured in the x-direction

a angle of attack

v nacelle alinement angle, positive when rear of nacelle is outboard
g sidewash angle

ACh increment in drag coefficient due to nacelle

Ny force coefficient perpendicular to nacelle in xy-plane

MODEL AND INSTRUMENTATION

A drawing of the test wing-body configuration showing nacelle location is
presented in figure 1. Nacelle ordinates are given in table I. The nacelles
were mounted on pylons below the wing lower surface. The distance between the
wing surface and the nacelle was equal to the maximum radius of the nacelle when
the nacelle was alined with the free stream. Nacelle orientation was varied by
rotation of the pylon-mounted nacelles about the nacelle apex; positive orienta-
tion angles were those with the rear of the nacelle ocutboard. The apex of the
nacelle at 27 percent of the wing semispan was at 60 percent of the local wing

chord; the apex of the nacelle at 50 percent of the wing semispan was at L5 per-
cent of the local wing chord.
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Figure 1.- Sketch of model. All dimensions are in inches. (Parenthetical dimensions
are in centimeters.)



TABLE I.- NACELLE ORDINATES

x" r

in. cm in. cm
0 0 0 0

.20 51 .100 .254
4o 1.02 .165 419
.60 1.52 .215 546
.80 2.03 .250 .635
1.20 3.05 .312 .792
1.60 4,06 . 350 .889
2.00 5.08 377 .958
2.50 6.35 .397 1.008
3.00 7.62 408 1.0%6
4,00 10.16 .420 1.067
7.00 17;78 20 1.067

The body has a fineness ratio of
The

Body ordinates are given in table II.
14.5 and is geometrically identical to the uncambered body of reference 3.
center line of the body is alined with the wing root chord.

TABLE II.- BODY ORDINATES

x r X r
in cm in. cm in. cm in. cm
0 0 0 0 25.23 | 64.08 | 1.228 | 3.119
1.0 2.64] .240{| .610 26.22 | 66.60 | 1.200 | 3.048
2.08| 5.28} .45511.156 27.21 | 69.11 | 1.159 { 2.94k
3,121 T7.92} .642| 1.631 28.20 | 71.63 | 1.098 | 2.789
4,16 [ 10.57| .794 | 2.017 29.19 | Th.14 | 1.022 | 2.596
5.20 [ 13.21| .927| 2.355 30.18 | 76.66 | .925 | 2.350
6.24 1 15.85| 1.040 | 2.642 31.17 { 79.17 | .815| 2.070
7.28 1 18.49 1.125 | 2.858 32,16 | 81.69 | .688 1| 1.748
8.32 [21.13) 1.185 | 3.010 33.15 | 84k.20 | 544 } 1.382
9.36 | 23.77| 1.223 | 3.106 34,14 | 86.72 1 .382| .970

10.40 [ 26.42 | 1.240 | 3.150 35.13 [ 89.23 | .200| .508
1 ‘ l l 36.12 |91.74 | O 0
2k 24 | 61.57 | 1.240 | 3.150




The highly swept twisted-and-cambered wing has a design 1ift coefficient
of 0.08 and is geometrically identical to wing 2 of reference 4. The wing has
a T0° swept leading edge and an aspect ratio of 2.24. The thickness distribu-
tion of the wing was formed by a 3-percent-thick circular-arc airfoil section
in the streamwise direction. This thickness was added symmetrically to the
mean-camber surface ordinates. Nondimensional mean-camber surface ordinates
are given in table III.

TABLE III.- WING-CAMBER SURFACE ORDINATES i_____é_——-
CL,design

z
m—.— for y/g- of
,design

0 0.10 0.20 0.30 0.40 6.50 0.60 0.70 0.80 0.90 1.00

ol

0 0.4%000 | 0.1566 | 0.0550 | 0.0170 | 0.0226 | 0.0280 | 0.0326 | 0.0380 | 0.0433 | 0.0480 | 0.0533
0251 .3866 | .1593| .0580| .0223| .0266 | .0320| .0366| .0420 | .o476 | .OL96
.050 | .3700| .1593! .0620| .0256| .0300| .0350 | .o0kLoo | .okk& | .0LBE | .0506
.100 | .3366 | .1533| .0620| .0290| .0353 | .0400 | .0L53| .0500 | .0533 | .0533
.200 | .2733 | .1233| .o480 | .0230| .0370 | .056| .0520 | .0%66 | .0590 | .0573
.300 | .2020 | .0870{ .0270| .0110{ .0320 | .OM50 | .054O | L0600 [ .064O | .0610

oo | L1300 | .0bk30 1O -.0040 | .0250 | .04OO | .0520 | .0620| .0666 | .0646
500 ) L0580 ) -.00ko | -.0280 | -.0220 | .0146 | .0333 | .0500 | .0616 | .0680 | .0670
.600 | -.0170 | -.0533 | -.0590 | ~.0433 | .0020 | .0250| .oL6O | .0600 | .0686 | .0690
.700 | -.0980 | -.1000 | -.0906 | -.0650 | -.0103 | .0150 | .0373{( .0570 | .0686 | .o710
.800 | -.1800 | -.1433 | -.1240 | -.0883 | -.0250 | .004O | .0316 | .0540 | .0680 | .0726
.900 | -.2640 | -.1876 | -.1560 | -.1133 | -.0430 | -.0080 | .0260 | .0500 | .0666 | .0736
1.000 | -.3466 | -.2296 | -.1850 | -.1350 | -.0600 | -.0213 | .0180 | .0453 | .0653 | .0746

The body was attached to the half-span steel wing, which in turn was
mounted on a four-component strain-gage balance housed within a horizontal
boundary-layer-bypass plate. The plate was supported by the permanent sting
mounting system of the Langley 4~ by 4-foot supersonic pressure tunnel. During
the tests, the entire plate-balance-model arrangement moved as a single unit
through an angle-of-attack range. A very small gap between the plate and the
bottom surface of the wing-body configuration was provided to prevent fouling
between the plate and the model during the tests.

Sidewash angles were measured at the location of each nacelle apex by
means of conical probes. Each probe had a total head orifice and four static-
pressure orifices located at 90° intervals around the probe. Probe pressures
wvere measured by individual pressure gages and the outputs from these gages
were digitized and recorded on punch cards.

The base pressure of the nacelles was measured by means of a static-
pressure orifice located within the nacelle-base cavity.



TESTS AND CORRECTIONS

The tests were conducted in the Langley L4- by 4-foot supersonic pressure
tunnel at a Mach number of 2.035 and a Reynolds number based on the wing mean
aerodynamic chord of 4.05 X 106. In order to insure a turbulent boundary layer,
0.125-inch-wide (0.318 cm) strips of No. 60 carborundum grains in a lacquer
binder were used. Strips were placed 0.25 inch (0.635 cm) behind the leading
edge on both surfaces of the wing, 1.25 inches (3.175 cm) behind the nose of
the body, 0.25 inch (0.635 cm) behind the pylon leading edge, and 0.50 inch
(1.270 cm) behind the nacelle apex.

The angle-of-attack range for each of three wing-body-nacelle configura-
tions was from -4° to 6° for nacelle alinement angles of -4°, 09, 2°, 4°,
and 6°. The angle of attack was measured optically with the use of a prism
recessed in the body of the model.

The three wing-body-nacelle configurations were: one with a nacelle at
27 percent of the wing semlspan; one with a nacelle at 50 percent of the wing
semispan; and one with two nacelles, one at 27 percent and the other at 50 per-
cent of the wing semispan.

The sidewash angles at the two spanwise nacelle locations were measured
through the angle-of-attack range used for the force tests.

The drag force was adjusted so that the base pressure of the nacelles
would be equal to free-stream static pressure.

RESULTS AND DISCUSSION

Addition of the nacelles to the wing of the present investigation has
little or no effect on CLa’ CmCL’ or the drag due to 1ift. However, Crg,

increases and Cyp for Cp = O decreases when the nacelles are added (fig. 2).

Changing nacelle orientation has only a small effect on Cp, and Cp at the

positive nacelle alinement angles for the configurations with only one nacelle.
For the configuration with two nacelles, the effect of changing nacelle orienta-

tion is somewhat larger. (See fig. 3.)

The increment in drag coefficient due to the nacelles ACp 1is plotted in

figure 4 as a function of nacelle orientation angle v for three representa-
tive 1lift coefficients: Cr, = O, the design 1ift coefficient 0.08; and the 1ift

coefficient for maximum 1lift-drag ratio 0.16. These data show that the minimum
ACp occurs somewhere between v = 0° and v = 29,
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Figure 2.- Effect of nacelles on aerodynamic characteristics in pitch.
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(a) Nacelle at 27 percent of wing semispan.

Figure 3.~ Aerodynamic characteristics in pitch of wing-body-nacelle configurations.
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Figure 3.- Concluded.
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Figure 4.- Variation of incremental drag with nacelle
orientation. Arrows indicate value of /2.

In order to analyze the effect of nacelle orientation further, a force
perpendicular to the nacelle ACy in the xy-plane is assumed. (See sketch.)
The nacelle is inclined at an angle v with the free stream. The streamwise
component ACy of this normal force is negative and corresponds to a thrust.

A nacelle orientation angle which will maximize this component and thereby mini-
mize drag is desired.

Free stream ”V//’¥
o)

The component ACp is ACy sin v, or for small values of v, ACp = ACyv. The

force ACy may also be expressed in terms of the nacelle lift-curve slope
(CLa)n and the alinement of the nacelle with respect to the sidewash field:



Ay = (CLa)n(V - o)

where o is the sidewash angle. Combining the expressions for ACp and Aly
results in the following equations:

ACp (CLa)n(V - o)y

ACD (CLa)n<V2 - vo)

Differentiating with respect to v yields

i“ng = (CLg)y(2v - o)

AAC
and setting —5—2 = 0 shows that a maximum value of negative ACp (minimum
v
drag) exists when v = 0/2. Thus, these results indicate that the drag incre-
ment due to the addition of a nacelle is minimized when the nacelle is installed
at an angle equal to half the sidewash angle. However, this analysis gives only
an approximation of the optimum angle, inasmuch as the forces imposed on the

wing surface by the nacelle are neglected.

Measured sidewash angles for the lift coefficients presented in figure k4
are given in the following table:

g, deg, for -
Nacelle location, _
percent of semispan CL, = 0O Cg, = 0.08 Cr, = 0.16
(a) (a) (&) |
27 0.4 1.2 2.1
50 -.5 1.4 3.3
27 and 50 b_.3 b1.1 bo.5

8¢, is measured value at v = 0° for the nacelle con-
figuration in question.

bAverage of the values of ¢ for nacelles at 27 percent
and 50 percent of wing semispan for Cy, at v = 0° for con-
figuration with both nacelles.

Comparison of the values of 0/2 as determined from the preceding table (shown
as arrows in fig. 4) with the values of v for minimum ACp (0° to 2°) indi-
cates very good agreement. Thus it appears that the minimum incremental drag
due to a nacelle or a combination of nacelles occurs at or near an alinement
angle of one-half the sidewash angle or one-half the average sidewash angle,
respectively.
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A comparison of the theoretical estimates of the sidewash angle with exper-
imental values can be seen in figure 5. The theoretical sidewash angles were
determined from the chordwise and spanwise slopes of the velocity potential,
which was obtained from existing pressure distributions calculated by the method
of reference 5 and unpublished computer programs. The effects of 1ift, camber,
and thickness were accounted for in the calculations. For the wing of the pres-
ent investigation, the measured sidewash angles are somewhat less than the theo-
retical values at positive angles of attack. Some of this difference may be due
to the fact that surface pressures were used for the theoretical calculations,
whereas the experimental angles were measured below the wing surface at a dis-
tance equal to the maximum nacelle radius.

12 T T 1
O Experiment
— — —Theory
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g, deg 41 - R - - - =
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{a) Nacelle at 27 percent of wing semispan.
12 - - e . Ce ey R a—
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L ///(D/C)/\r
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(v) Nacelle at 50 percent of wing semispan.

Figure 5.- Sidewash angles as a function of
wing angle of attack.
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CONCLUSIONS

The results of an investigation conducted in the Langley 4- by U4-foot
supersonic pressure tunnel at a Mach number of 2.03 to determine the effect of
nacelle alinement on the aerodynamic characteristics of a highly swept twisted-
and-cambered arrow-wing-body-nacelle configuration indicate the following
conclusions:

1. The minimum incremental drag due to a nacelle or a combination of
nacelles occurs at or near a nacelle alinement angle of one-half the sidewash
angle or one-half the average sidewash angle, respectively.

2. Addition of the nacelles has little or no effect on the lift-curve
slope, the slope of the curve of the pitching moment with respect to lift or the
drag due to lift.

Langley Research Center,
National Aercnautics and Space Administration,
Langley Station, Hampton, Va., December 2, 1965.
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